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In metazoa, the nuclear envelope (NE), together with
the embedded nuclear pore complexes (NPCs),
breaks down and reassembles during cell division.
It is suggested that ELYS, a nucleoporin, binds to
chromatin in an initial step of postmitotic NPC
assembly and subsequently recruits the essential
Y-subcomplex, the major scaffolding unit of the
NPC. Here, we show that ELYS contains three
domains: an N-terminal b-propeller domain, a central
a-helical domain, and a C-terminal disordered
region. While the disordered region is responsible
for the interactions with chromatin, the two
preceding domains synergistically mediate tethering
to the NPC. We present the crystal structure of the
seven-bladed b-propeller domain at 1.9 A˚ resolution.
Analysis of the b-propeller surface reveals the
regions that are required for NPC anchorage. We
discuss the possible roles of ELYS in the context of
the NPC scaffold architecture.INTRODUCTION
The compartmentalization of the genomic material into
a membrane-enclosed organelle, the nucleus, is the central
feature that distinguishes eukaryotes from prokaryotes. Nuclear
pore complexes (NPCs) are huge macromolecular assemblies
that span the double membrane of the nuclear envelope (NE)
and control transport into and out of the nucleus (Wente and
Rout, 2010). Despite an estimated total mass of 40–60 MDa,
these macromolecular assemblies are composed of only about
30 distinct proteins, nucleoporins (Nups), that are present in
multiple copies, as dictated by the 8-fold rotational symmetry
of NPCs (Beck et al., 2007; Brohawn et al., 2009).
In multicellular eukaryotes that undergo an open mitosis, NE
breakdown (NEBD) is required during prophase for proper
chromosome segregation (Gu¨ttinger et al., 2009; Asakawa
et al., 2011). NEBD is accompanied by the disassembly of
NPCs and by mixing of the nuclear content with the cytosol.
Membrane-spanning nucleoporins are redistributed into the
endoplasmic reticulum (ER), which remains intact during
mitosis, whereas the soluble nucleoporins are released into572 Structure 21, 572–580, April 2, 2013 ª2013 Elsevier Ltd All rightsthe cytosol as discrete subcomplexes (Hetzer, 2010). At the
end of mitosis, NPCs reassemble from these subcomplexes
in a defined order (Dultz and Ellenberg, 2010; Dultz et al.,
2008). Whether NPCs reassemble before, during, or after the
reformation of the NE is an ongoing debate (Antonin et al.,
2005; Kiseleva et al., 2001; Lu et al., 2011). NPCs can also
form during interphase by insertion into the intact double
membrane of the NE. Many fungi undergo a closed mitosis
without NEBD and thus rely exclusively on this type of NPC
assembly. Recent data point to mechanistic differences
between postmitotic and interphase NPC assembly (Rasala
et al., 2008; Doucet et al., 2010; Doucet and Hetzer, 2010; Dultz
and Ellenberg, 2010). Despite all efforts, though, the assembly
of NPCs, which requires the coordination of 500 proteins and
the stabilization of highly curved openings in the NE, remains ill-
defined (Bilokapic and Schwartz, 2012a).
Generally, postmitotic NPC assembly is better understood
than interphase assembly, because it can be assayed in vitro
through nuclear reconstitution assays using Xenopus egg
extracts. Postmitotic NPC assembly presumably begins with
the binding of ELYS (embryonic large molecule derived from
yolk sac) to chromatin and the subsequent recruitment of the
essential Nup107-160 complex (Rasala et al., 2006; Franz
et al., 2007; Gillespie et al., 2007). This complex is composed
of seven universally conserved proteins (Nup160, Nup133,
Nup107, Nup96, Nup85, Sec13, and Seh1) as well as three addi-
tional nucleoporins (Nup43, Nup37, and ELYS), found in Homo
sapiens and most metazoans (Cronshaw et al., 2002; Loı¨odice
et al., 2004; Rasala et al., 2006). Negative stain electron micros-
copy data of the homologous Nup84 complex from Saccharo-
myces cerevisiae revealed a Y-shaped structure with two short
arms and one long stalk (Siniossoglou et al., 2000; Lutzmann
et al., 2002). Thus, because of the characteristic shape, the
Nup107-160 complex is also known as the Y-complex. It has
a crucial role in NPC assembly and pore-free nuclei with a contin-
uous NE form in depleted Xenopus egg extracts (Walther et al.,
2003; Harel et al., 2003).
Time-course studies have revealed the sequential recruitment
of nucleoporins to sites of postmitotic NPC reassembly (Dultz
et al., 2008). ELYS is the earliest NPC component to be detected
on the chromatin surface and on kinetochores, followed by the
recruitment of the Y-complex (Franz et al., 2007). ELYS not
only shows the same cellular localization as the Y-complex but
also interacts with it as shown by immunoprecipitation experi-
ments in human cells and in Xenopus extracts (Rasala et al.,
2006). The immunodepletion of ELYS from Xenopus nuclearreserved
Figure 1. Domain Organization of ELYS
Secondary structure prediction methods suggest three domains in higher
eukaryotes, with an N-terminal b-stranded domain (NTD), a central a-helical
domain (CHD), and a disordered C-terminal region (CTR). In unicellular
eukaryotes, i.e., S. pombe, only the CHD is conserved in ELYS homologs. The
constructs used for crystallization are denoted with black bars. The residue
numbering is based on UniProt entries Q8CJF7 (M. musculus), Q8WYP5
(H. sapiens), and O94384 (S. pombe).
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chromatin (Rasala et al., 2006; Franz et al., 2007). In the absence
of ELYS in human cultured cells, NPC assembly occurs within
ER membranes and triggers the formation of NPC-studded
annulate lamellae (Rasala et al., 2008). Thus, the association of
ELYS with chromatin and the subsequent recruitment of the
Y-complex are the earliest events in the postmitotic assembly
of nuclear pores. Next, the transmembrane nup Pom121 is re-
cruited (Bodoor et al., 1999; Dultz et al., 2008), followed by the
Nup93-containing subcomplex (Hase and Cordes, 2003; Dultz
et al., 2008), which together with the Y-complex, builds the
structural scaffold of the NPC (Bilokapic and Schwartz, 2012a).
Finally, more peripheral nucleoporins are incorporated into
newly forming pores.
Large-scale RNAi analyses in Caenorhabditis elegans
(So¨nnichsen et al., 2005) showed that components of the Ran-
cycle, including RAN-1 (RanGTPase), RAN-2 (RanGAP), NPP-9
(RANBP1), IMB-1 (importin b), and IMA-2 (importin a), were
required for proper Mel-28 (ELYS homolog in C. elegans) locali-
zation (Fernandez and Piano, 2006). In agreement, nuclear
reconstitution assays using Xenopus egg extract showed that
importin b and transportin bind the ELYS-containing Y-complex
and negatively regulate the first step of NPC assembly (Lau et al.,
2009; Rotem et al., 2009). RanGTP, which is enriched at the
surface of chromatin, plays a counteractive role to that of impor-
tin b and positively regulates the recruitment of ELYS and the
Y-complex to chromatin (Lau et al., 2009; Rotem et al., 2009).
Furthermore, RNAi depletion of Mel-28 impairs not only NPC
but also NE formation in C. elegans (Galy et al., 2006). Recent
data also showed impaired NE formation in HeLa cells in the
absence of ELYS (Clever et al., 2012).
ELYS was originally found in metazoa, and available data sug-
gested that the protein uses its C-terminal AT-hook domain to
bind to the surface of the chromatin during mitosis (Rasala
et al., 2008). Our previous data showed that the N-terminal half
of protein, composed of a b stranded domain and an a-helical
domain, interacts with Nup160 (Bilokapic and Schwartz,
2012b). Additionally, a shorter ELYS homolog, composed of an
a-helical domain, has been found in plants and some fungi
(Amlacher et al., 2011; Liu et al., 2009; Tamura et al., 2010).
Biochemical characterization of a single domain ELYS homolog
from Schizosaccharomyces pombe showed that the a-helical
domain interacts with Nup120 (Nup160 homolog from yeast)
and thus with the Y-complex (Bilokapic and Schwartz, 2012b).
Here, we demonstrate that metazoan ELYS is constructed
from three domains that have different functions. While the
disordered C-terminal region is not involved in NPC binding,
the central a-helical domain is effective in binding, but only in
conjunction with the N-terminal domain. To understand the
functional role of the N-terminal b stranded domain in metazoan
ELYS, we solved its crystal structure and, using structure-guided
mutants, identified the binding determinants of ELYS in vivo in
human cultured cells.
Binding of ELYS to chromatin is the first known step in NPC
reconstitution after cell division. Knowing how ELYS interacts
with other Nups and how it guides their recruitment to chromatin
is crucial for understanding nuclear pore formation. Therefore,
our work provides insight into the earliest steps that govern
NPC assembly.Structure 21RESULTS
Each Domain of Metazoan ELYS Has a Specific
Functional Role
Secondary structure prediction and sequence conservation
analysis suggest that the 252 kDa ELYS fromH. sapiens consists
of three functionally distinct domains: an N-terminal, 55 kDa
domain (NTD), which is mainly composed of b strands, a central,
55 kDa a-helical domain (CHD), and a 140 kDa C-terminal
disordered region (CTR) (Figure 1). The disordered region of
ELYS contains a putative nuclear localization signal (NLS),
a putative AT-hook DNA-binding motif, and an additional portion
required for chromatin binding (Rasala et al., 2008) (Figure 1). Our
previous work has shown that the CHD, the only domain
conserved from S. pombe to H. sapiens, interacts with the
NPC through Nup160 of the Y-complex (Figure 1) (Bilokapic
and Schwartz, 2012b). However, there is no published data on
the functional role of the N-terminal domain of metazoan ELYS.
Thus, we investigated potential roles of the ELYS NTD
in vivo. We constructed GFP fusion of full-length ELYS from
M. musculus (residues 1–2243) (Figure 2). Full-length mELYS
was used instead of hELYS for technical reasons, but with
70% sequence identity and 81% sequence similarity, we ex-
pected similar behavior. Moreover, the major differences
between metazoan ELYS proteins are in the disordered region,
while the twoN-terminal structural domains are highly conserved
(89% identity, 95% similarity). To study the function of each
domain in vivo, we created GFP fusion with the structured
domains (residues 1–1018) or the disordered CTR (residues
1019–2243) (Figure 2A). As a control for the same behavior of
human and murine homologs, we included the GFP reporter
protein containing both structured domains of hELYS (residues
1–1018) (Figure 2B).
The constructs were transfected into T98G and HeLa cells,
and cellular localization was followed using the fluorescent
GFP signal. Consistent with published immunofluorescence
data on human ELYS (Franz et al., 2007), full-length GFP-
mELYS showed characteristic nuclear rim staining and also, 572–580, April 2, 2013 ª2013 Elsevier Ltd All rights reserved 573
Figure 2. In Vivo Localization of Metazoan ELYS Domains
(A) Domain organization of the GFP-labeled mELYS constructs and their
localization in HeLa cells. Full-length mELYS (residues 1–2243) shows nuclear
rim staining and intranuclear puncta. The construct containing both structured
domains (NTD and CHD, residues 1–1018) also localizes to the nuclear rim,
whereas the disordered region (CTR, residues 1019–2243) shows a diffuse
nuclear GFP signal.
(B) Domain organization of the GFP-labeled hELYS constructs and their
localization in HeLa cells. The constructs containing only the NTD (residues
1–494) or theCHD (residues 495–1018) fail to localize to the nuclear rim in HeLa
cells, showing that in metazoa both domains (residues 1–1018) are required for
interaction with the NPC.
(C)Fusionof theclassicalSV40NLS to theC terminusof thehELYSNTD induces
nuclear translocation, but the domain does not concentrate at the nuclear rim.
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phase (Figure 2A). The mELYS construct containing both the
NTD and CHD (residues 1–1018) showed similar localization as574 Structure 21, 572–580, April 2, 2013 ª2013 Elsevier Ltd All rightsthe full-length GFP-fusion (Figure 2A), consistent with the impor-
tance of the CHD for interaction with the Nup107-160 complex.
As expected from the sequence conservation, GFP-hELYS (resi-
dues 1–1018) exhibited the same localization pattern in HeLa
cells as the equivalent region from the murine homolog (Fig-
ure 2B). The disordered CTR construct, however, did not show
nuclear rim staining but was found throughout the nucleus (Fig-
ure 2A). Thus, the CTR likely does not interact with the NPC
directly, but because of an NLS close to its C terminus, it is im-
ported into the nucleus.
Metazoan ELYS contains two structured domains, the NTD
and the CHD, compared to single-cell eukaryotes that only
contain a shortened a-helical domain (Figure 1) (Bilokapic and
Schwartz, 2012b). To further investigate the NPC-targeting
function, separate GFP fusions of NTD and CHD were tested
(Figure 2B). Interestingly, neither domain alone was able to
incorporate into the NPC as shown by the absence of nuclear
rim staining. While GFP-tagged ELYS NTD (residues 1–494) is
dispersed throughout the cytosol, GFP-tagged ELYS CHD
(residues 495–1018) showed both nuclear and cytosolic locali-
zation (Figure 2B). To exclude the possibility that ELYS NTD
could not interact with the NPC because of its localization into
the cytosol, we introduced the SV40 NLS to the GFP-tagged
construct. The N-terminal domain with the NLS signal localized
to the nuclear interior, but nuclear rim staining was not detected
(Figure 2C).
These results show that different roles can be attributed to
individual ELYS domains. While ELYS CTR governs chromatin
binding, both structural domains are required for efficient inter-
actions with the NPC.
Structure Determination
To gain insight into the atomic details of ELYS interacting with
the NPC, we sought to determine its crystal structure. We
expressed the NTD recombinantly in E. coli and purified it to
homogeneity using standard chromatography methods. Size-
exclusion chromatography indicated that the 55 kDa domain is
a monomer in solution (Figure S1 available online). Crystals of
ELYS NTD appeared in the P21 space group with one monomer
in the asymmetric unit. The structure was solved by SAD using
a selenomethionine-labeled crystal (Table 1; Figure S2). The final
structure of the derivatized proteinwas refined to 1.9 A˚ resolution
and includes all residues, except for three loops (residues 338–
345, 362–373, and 458–465) (Figure 3), which are probably flex-
ible and therefore poorly resolved in the electron density.
We also designed a series of expression constructs that
encoded both the NTD and CHD of mELYS with the goal of crys-
tallizing the entire structured domain of ELYS (residues 1–1018).
All tested constructs were largely insoluble and heavily degraded
in bacterial cells, likely indicating a compromised fold. Analysis
of the main degradation products obtained after expression of
the entire structured domain revealed that prominent degrada-
tion occurs in the loop following the second predicted a helix
of the central domain. Wemade amodified expression construct
of mELYS that contained the NTD and two additional predicted
a helices from the CHD (residues 1–528) and crystallized it and
solved the structure with molecular replacement (Figures S1C
and S1D). No additional electron density for the two expected
a helices could be observed, suggesting that NTD and CHDreserved
Table 1. Data Collection and Refinement Statistics for
Selenomethionine-Labeled mELYS NTD
Data Set mELYS NTD SeMet
Data Collection
Wavelength (A˚) 0.9792
Space group P21
Cell dimensions
a, b, c (A˚) 52.6, 78.1, 58.8
b () 106.6
No. unique reflections 69,665
Resolution (A˚) 50–1.90 (1.93–1.90)
Rsym (%) 8.4 (71.4)
Completeness (%) 98.9 (97.0)
Redundancy 2.9 (2.7)
I/s(I) 11.0 (1.2)
Wilson B factor (A˚2) 27.3
Refinement
Resolution (A˚) 26.5–1.90
No. reflections—total 69,605
No. reflections—Rfree 3,501
Rwork/Rfree (%) 18.0/21.4
No. atoms—protein 3,629
No. atoms—water 169
B-factors (A˚2) protein 35.7
B-factors (A˚2) water 36.6
Rmsd—Bond lengths (A˚) 0.012
Rmsd—Bond angles () 1.422
Ramachandran plot—favored/allowed (%) 96.5/3.5
MolProbity score 2.01 (67th percentile)
The highest resolution shell with 5% of the data is shown in parentheses.
See also Figure S2.
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domains.
Structural Overview of the N-Terminal Domain of ELYS
ELYS NTD forms a seven-bladed b-propeller with dimensions
63 3 54 3 40 A˚ (Figure 3A). Each blade consists of four antipar-
allel b strands labeled A to D, following the standard convention
(Chaudhuri et al., 2008). The blades are arranged radially around
a central water-filled pore, with the b strand A at the innermost
position. Blade 7 is built from strands A–C at the C terminus of
the protein, whereas strand D is formed by an N-terminal exten-
sion emanating from strand 1A. This arrangement for blade 7,
known as a velcro-closure, is typical in the b-propellers and
contributes additionally to their structural stability (Chaudhuri
et al., 2008; Xu and Min, 2011).
A regular b-propeller domain is constructed from 300 resi-
dues; however, the ELYS NTD is almost 500 residues in size.
The b-propeller domain of ELYS is decorated with long
loops, some of which contain additional a helices and nonca-
nonical b strands. Together, these elements make up for
the 200 extra residues (Figures 3A and 3B). The loops are
named according to the canonical b strands that they connect.Structure 21DA loops (loops connecting b strands D and A of two
neighboring blades) together with BC loops define the top
surface of the b-propeller, whereas the bottom surface
is composed of AB and CD loops. Short BC loops are
conserved in all blades, whereas long CD loops contribute
with additional structural elements to the core scaffold of the
NTD (Figure 3B). Most of the long loops contain a helices
that are pushed toward the perimeter of the b-propeller, giving
it an asymmetric shape (Figure 3A). The 5CD loop contains
two antiparallel b strands, but they point away from the
b-propeller rather than extending blade 5 (Figure 3B). b-propel-
lers can have N-terminal extensions that add a fifth b strand
to the first blade, as, for example, observed in the b-propeller
domain of S. pombe Nup120. However, in the ELYS
b-propeller, blade 3 is five-stranded due to the long 3CD
loop contributing, along with an a helix, an additional b strand
(3D’) (Figure 3A).
Extensive loop insertions cause the length of the blade
sequence repeat to vary between 44 and 95 residues (Figures
3B and S3). In addition, blades 5 and 6 have significantly longer
b strands, leading to an asymmetry in the height of the
b-propeller, whereas blade 3, with its fifth b strand and a helix
located on the side of the b-propeller, distorts it radially
(Figure 3A). Despite the overall asymmetry of the NTD, due
to the noncanonical decorations, the rotational symmetry
about the central axis of the core domain is preserved. Anti-
parallel b strands within the core of the b-propeller align with
a root-mean-square deviation (rmsd) between 1.20–1.81 A˚.
The three inner b strands of each blade superimpose very well,
whereas b strand D shows more structural divergence (Fig-
ure 3B). The connecting loops are, as expected, structurally
very diverse.
A three-dimensional structure comparison using the Dali
server revealed different b-propellers as structural homologs of
the ELYS NTD. Although all b-propellers have a very similar
structural core, characteristic structural features projecting
from the basic scaffold often define their specific functions. As
the sequence conservation between the ELYSNTD and structur-
ally similar proteins is low (<11%), we conclude that they are
functionally diverse.
Surface Conservation Reveals the Interaction Site
of ELYS NTD with the NPC
An alignment of ELYS NTD sequences from multiple organisms
using T-coffee (Notredame et al., 2000) revealed that most
conserved residues are buried in the hydrophobic core of the
b-propeller and are important for its structural stability (Fig-
ure 4). Mapping the sequence conservation onto the surface
of the protein identified a single, highly conserved region at
the edge of the bottom surface (Figure 4B). This patch is
formed by two loops, 5AB (loop1) and 6CD (loop2), and
contains many charged and hydrophilic residues capable of
forming salt bridges and H-bonds. Because sequence con-
servation typically indicates functional importance, we hypoth-
esized that the conserved loops in the NTD might build binding
sites for interacting nucleoporins, possibly guiding the incor-
poration of ELYS into the NPC. b-propeller domains are known
to be mediators of diverse protein-protein interactions (Xu and
Min, 2011)., 572–580, April 2, 2013 ª2013 Elsevier Ltd All rights reserved 575
Figure 3. Structural Analysis of mELYS NTD
(A) Cartoon representation of the mELYS
b-propeller domain with the blades labeled from 1
to 7. As a reference, the strands of blade 3 are
labeled A–D, with the noncanonical fifth strand
labeled D’. The b-propeller blades are colored in
blue, loops are in white, and the secondary
structure insertions within the loops are shown in
orange.
(B) Comparison of the b-propeller blades reveals
long loops that decorate the structural core and
contribute about 40% of the total mass of the 494
residue mELYS NTD.
See also Figure S1.
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(NTD and CHD) of metazoan ELYS contribute to proper NPC
localization (Figure 2). To experimentally confirm the functional
importance of the conserved surface loops in the ELYS NTD
for NPC integration, we introduced loop deletions and point
mutations into the GFP expression construct containing both
structural domains of mELYS (residues 1–1018) and tested their
localization in HeLa cells (Figure 5). Y284 from b strand 5B is
a strictly conserved residue, and although its main-chain atoms
are part of the structural core of b-propeller, the side chain is
exposed and accessible for interaction (Figures S4 and 5A).
However, a Y284S mutation did not abolish NPC binding
(Figures 5B and 5C). Replacement of the conserved 5AB loop
(mELYSDloop1, residues 272–280) with a glycine-serine rich
sequence was also not sufficient to abrogate NPC-targeting
(Figures 5B and 5C). Combining the Y284S mutation together
with the loop1 deletion, however, did disrupt nuclear rim staining
of mELYS (Figure 5C), indicating that this surface region is
indeed involved in NPC targeting.
Replacement of the conserved 6CD loop (loop2, residues
I404–Y427) with a glycine-serine rich sequence resulted in insol-
uble protein. Loop2 starts with an a helix (residues I404–Q411)
before it becomes less ordered. Two residues, I404 and W407,
from the highly conserved a helix form hydrophobic packing
interactions with L416 and L422 of loop2, as well as with the
hydrophobic core of the b-propeller (Figure 5A). Thus, replacing
the entire loop2 with a flexible sequence might have caused
folding problems. To maintain the structural integrity of the
b-propeller fold, we then mutated just the conserved residues
within loop2 that are not involved in building the structural core
(mELYSloop2mut, mELYS N405S/Y408S/Q411A/M412S/
P413G). Although the expression of single mutants within
loop2 had no effect on localization of the GFP reporter construct
in HeLa cells, GFP-tagged mELYSloop2mut abolished nuclear
rim staining, suggesting that proper assembly into the NPC
was affected (Figures 5B and 5C). Increased background levels576 Structure 21, 572–580, April 2, 2013 ª2013 Elsevier Ltd All rights reservedcan be noticed for mutants that show
nuclear rim staining, indicating that their
NPC binding affinity is somewhat
decreased compared to wild-type.
To confirm the specificity of our
mutants and their in vivo defects, we
deleted the neighboring 7AB loop
(mELYSDloop3, residues 458–476) asa control. In contrast to the 5AB and 6CD loops, the sequence
of the 7AB loop is not conserved. As expected, deletion of the
7AB loop did not influence the localization of GFP-reporter in
HeLa cells (Figures 5B and 5C).
The tested mutants were designed based on the crystal
structure, changing the protein surface without perturbing
the protein fold. The mutants had the same expression
levels in bacterial cells as the wild-type mELYS NTD, had iden-
tical solubility, and exhibited identical gel filtration behavior
(Figure S4B). Moreover, we obtained crystals of the
mELYSDloop1 mutant in similar growth conditions as used for
the wild-type protein (Figure S4C), indicating that the overall
protein fold of the mutants is not compromised. Therefore, the
observed in vivo mislocalization of the mutants is the result of
abolished critical interactions that tether ELYS to the NPC.
Both conserved loops are involved in crystal contacts with
symmetry-related molecules (Figures S4D–S4F), which likely
influences the observed loop conformations. Thus, the confor-
mation of loops 1 and 2 might be somewhat different in vivo. In
addition, the conformation of the two loops may change upon
interaction with binding partners.
Our previous data showed that ELYS homolog found in unicel-
lular organisms consists of a short a-helical domain that binds
Nup120. Because targeting the metazoan ELYS to the NPC
seems to be more complex, with both NTD and CHD contrib-
uting, this may well reflect structural differences within the core
scaffold of the NPC.
DISCUSSION
Binding of ELYS to chromatin is an early step in NPC reassembly
after cell division in metazoa. Biochemical pull-down data
(Rasala et al., 2006; Franz et al., 2007) and in vivo time-course
experiments (Franz et al., 2007) showed that ELYS subsequently
recruits the Nup107-160 complex. Understanding how ELYS
interacts with other nucleoporins is crucial for understanding of
Figure 4. Conserved Features of themELYS
b-Propeller
(A) Cartoon representation of mELYS NTD from
three different perspectives, related by rotation
around the vertical axis as indicated. Conservation
within the mELYS NTD is gradient-colored from
gray (not conserved) to dark orange (most
conserved) based on the alignment in Figure S3.
Themajority of conserved residues are structurally
important as they build the core scaffold of the
b-propeller.
(B) Surface representation showing conservation
of residues on the b-propeller periphery. Color
scheme as in (A). The two conserved loops
building the NPC binding interface are outlined
with a black dotted line.
See also Figure S3.
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porin, and as a large architectural protein, it has substantial
impact on the NPC structure.
To understand how this 250 kDa protein fulfills its different
functional roles, we studied the localization pattern of its
domains. Transfection of HeLa cells with different truncations
of GFP-tagged ELYS revealed that the combined structured
domains, NTD and CHD, of mELYS (residues 1–1018) establish
NPC anchorage, whereas the disordered CTR (residues 1019
to the end) localizes to the nucleus and binds chromatin. Resi-
dues within the CTR have been shown to be phosphorylated in
a cell-cycle-dependent manner (Nousiainen et al., 2006;
Dephoure et al., 2008), perhaps indicating regulation and fine-
tuning of its functional role. Interestingly, recent data show that
ELYS interacts with the lamin B receptor in a phosphorylation-
dependent manner in HeLa cells, thereby influencing NE forma-
tion (Clever et al., 2012).
Our previous data revealed that ELYS interacts directly
with Nup160 within the decameric Nup107-Nup160 complex
(Bilokapic and Schwartz, 2012b). Based on the crystal
structure of the ELYS NTD, we were able to narrow down
the interaction site with the NPC. In HeLa and T98G
cells transfected with GFP-tagged mELYSDloop1/Y284S or
mELYSloop2mut, the fusion protein failed to localize to the
NPC and was found in the cytoplasm instead (Figure 5C).
Thus, we experimentally confirmed the functional significance
of the conserved surface patch in the b-propeller domain of
ELYS and establish that it is necessary for NPC interaction.
Our data do not exclude the possibility that ELYS binds to
other nups besides Nup160. In fact, already the small ELYS
homolog in unicellular organisms binds to Nup37 as well;
thus, multiple binding partners are rather expected for meta-
zoan ELYS.
In addition to its NPC localization, ELYS was found in distinct
nucleoplasmic punctae during interphase (Figure 2; Rasala
et al., 2006), suggesting an additional function unrelated to
NPC binding and nucleocytoplasmic transport. This is notStructure 21, 572–580, April 2, 2013uncommon for nucleoporins. In fact,
several are thought to interact with chro-
matin away from the NPC (Liang and
Hetzer, 2011). ELYS protein turnoverhas been studied by photobleaching experiments (Galy et al.,
2006). It was shown that ELYS exists in two pools, one with
high turnover and localized inside the nucleus and another
with very low turnover, localized at the NPC. Architectural
nups have a very low protein turnover (D’Angelo et al., 2009;
Savas et al., 2012), similar to the pore-associated ELYS pool.
Thus, in addition to the structural role at the NPC, ELYS might
also act away from the NPC, inside the nucleus. It will be inter-
esting to determine the function of this intranuclear pool of
ELYS.
Although several reports showed that ELYS binds to the
surface of chromatin during mitosis (Rasala et al., 2006; Galy
et al., 2006; Franz et al., 2007; Gillespie et al., 2007), it is not
known whether this interaction remains intact after NPC
assembly. DNA binding ismediated via the150 kDa disordered
CTR of ELYS (Rasala et al., 2008; Lau et al., 2009). Because of its
flexible character, the CTR can potentially stretch far into the
nucleus and thus maintain the connection with chromatin even
after NPC formation. Alternatively, this domain could also be
involved in the targeting of genes to the NPC or in creating
heterochromatin boundaries around the pores.
Electron microscopic (EM) analysis of the purified and
reconstituted heptameric S. cerevisiae Y-complex (homolog
of the 107-160 complex) places Nup120 at one of the two
short arms of the assembly structure. As ELYS and Nup37
interact with Nup160/Nup120 (Bilokapic and Schwartz,
2012b), but are absent in budding yeast, they contribute sig-
nificantly to the molecular mass and shape of this short
arm of the Y-complex. As a consequence, the metazoan
Y-complex is potentially substantially distorted from a regular
Y-shape. The contribution of these additional proteins has to
be taken into consideration when positioning the Y-complex
into EM structure of whole intact NPCs of metazoa. It will
be interesting to see whether ELYS is one of the main nucleo-
porins responsible for species-specific differences seen in EM
reconstructions (Frenkiel-Krispin et al., 2010; Maimon et al.,
2012).ª2013 Elsevier Ltd All rights reserved 577
Figure 5. Mutations in the Conserved b-Propeller Loops Abolish
Proper NPC Localization of mELYS
(A) Cartoon representation of mELYS NTD with the residues in the conserved
loops shown as sticks. Loop1 residues are highlighted in yellow, and loop2
residues are in pink. Residues forming a hydrophobic pocket beneath loop2
are shown in gray.
(B) Domain organization of the GFP-tagged mELYSmutants with the positions
of the mutations indicated by red bars (loop deletions or multiple mutations) or
red arrowheads (single mutations).
(C) Confocal fluorescence microscopy of HeLa cells expressing GFP-tagged
mELYS proteins. Wild-type mELYS properly localizes to the nuclear envelope.
Deletion of the disordered loop3 (control, residues 458–476), as well as milder
mutations within the binding region, show nuclear rim staining. The mELYSD
loop1/Y284S and mELYSloop2mut mutants abolish nuclear rim localization.
See also Figure S4.
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Plasmid Construction and Protein Purification
The N-terminal domain ofMus musculus ELYS (mELYS NTD, residues 1–494)
was amplified from plasmid FFg-BOS-M (a generous gift from T. Taga) and
cloned into an in-house modified version of the pET28a bacterial expression
plasmid (EMD Millipore, Billerica, MA, USA) to yield an N-terminally 6xHis-
tagged protein followed by a human rhinovirus 3C protease recognition site.
The resulting vector was transformed into Escherichia coli BL21 (DE3) RIL
strains (Stratagene, La Jolla, CA, USA).
Transformed cells were grown in Luria-Bertani medium containing the
appropriate antibiotics and 0.5% (w/v) glucose. The bacterial culture was
grown at 37C to an optical density at 600 nm (OD600) of 0.6 before it
was shifted to 18C for 30 min and induced by the addition of 0.2 mM
isopropyl-thiogalactopyranoside. After overnight induction at 18C, cells
were harvested by centrifugation, resuspended in lysis buffer (50 mM
potassium-phosphate [pH 8.0], 300 mM KCl, 5 mM imidazole, and 3 mM
b-mercaptoethanol), and lysed using a french press. The crude lysate was
supplemented with 1 mM phenylmethanesulfonyl fluoride and Benzonase
nuclease (Sigma-Aldrich, St. Louis) before it was clarified by centrifugation
at 9,500 g for 25 min. The cleared supernatant was incubated with nickel-
charged HisSelect resin (Sigma-Aldrich) for 30 min. After binding, the resin
was washed three times with 10 bed volumes of lysis buffer in batch and
loaded onto a disposable column (Thermo Scientific, Rockford, IL, USA).
The column was washed with 4 bed volumes of washing buffer (50 mM
potassium-phosphate [pH 8.0], 300 mM KCl, 10 mM imidazole, and 5 mM
b-mercaptoethanol), and the bound protein was eluted with 4 bed volumes
of elution buffer (50 mM potassium-phosphate [pH 8.0], 300 mM KCl,
150 mM imidazole, and 5 mM b-mercaptoethanol). The protein was dialyzed
overnight at 4C against 20 mM HEPES/KOH (pH 7.5), 100 mM KCl, 0.1 mM
EDTA, and 1 mM dithiothreitol (DTT). The N-terminal His tag was proteolyt-
ically removed during dialysis. The protein was further purified via cation-
exchange chromatography by applying a linear 0.1–1 M NaCl gradient in
elution buffer: 20 mM HEPES/KOH (pH 7.5) and 1 mM DTT. Fractions with
the protein were loaded onto a size-exclusion Superdex 200 column (GE
Healthcare, Waukesha, WI, USA) equilibrated in crystallization buffer
(10 mM HEPES/KOH [pH 7.5], 150 mM KCl, and 1 mM DTT). The elution
profile of mELYS NTD indicated monomeric behavior in solution. The protein
was concentrated to 20 mg/ml.
Selenomethionine-labeled protein was prepared as described in Brohawn
et al. (2008). Protein purification was carried out as described for the native
protein. Incorporation of selenomethionine was confirmed by mass
spectrometry.
Protein Crystallization
Initial crystals were detected in a sitting drop screen with a reservoir solution
containing 0.1MBis-Tris/HCl (pH 6.5), 20% (w/v) PEG 3350, and 0.2M ammo-
nium acetate, using a protein concentration of 10 mg/ml. Diffraction quality
crystals were obtained under oil in drops containing 1.5 ml of protein solution
at 5 mg/ml and 1.5 ml of precipitant (0.1 M Bis-Tris/HCl [pH 6.5], 25% (w/v)
PEG 3350, 0.2 M ammonium acetate, and 0.5% Octyl-b-D-glucopyranoside).
Crystals appeared after two days. Prior to freezing, the crystals were gradually
transferred into a mother liquor solution containing 22% (v/v) PEG 400.
Selenomethionine-derivatized protein crystallized under identical conditions
and the crystals diffracted significantly better than the native crystals.
Data Collection and Structure Determination
Diffraction data for a 1.9 A˚ single-anomalous dispersion (SAD) data set was
collected at 100 K at the NE-CAT beamlines 24-IDC/-E at the Advanced
Photon Source at Argonne National Laboratory (Argonne, IL, USA). Data
were processed with the HKL2000 package (Otwinowski and Minor, 1997).
Four, out of six possible, selenium sites were found with SHELXC/D/E
(Sheldrick, 2008) and further refined with SHARP (Bricogne et al., 2003). The
seven-bladed b-propeller was initially barely recognizable in the resulting elec-
tron density map because of the low phasing power. To improve the initial
map, we performed density modification with DM. In the resulting electron
density map, protein-solvent boundaries were clearly visible and helped to
position the basic b-propeller fold. We used the peptide backbone of thereserved
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1XKS; Berke et al., 2004) as a starting model. The loops connecting b strands
as well as the D-strands from each blade were removed from the model, and
a Camodel was placed into the electron density using BrutePTF (Strokopytov
et al., 2005). Combining model and SAD phases improved the electron
density map; the connectivity of the main chain and the side chains started
to become visible (Figure S2). ARP/wARP was used for automatic model
building (Langer et al., 2008). More demanding protein loops were subse-
quently built manually in Coot (Emsley et al., 2010). The structure was refined
using phenix.refine (Adams et al., 2010).
The refined structure of mELYS NTD consists of residues 3–494 with three
loops (residues 338–345, 362–373, and 458–465) absent from the final model,
as they were not defined in the 2Fo-Fc electron density map. The statistics of
the data collection and refinement are listed in Table 1.
Structure Analysis
Sequence alignments were performed using T-Coffee (Notredame et al., 2000)
and edited with JalView (Waterhouse et al., 2009). The model was validated
using Molprobity (Chen et al., 2010). Structure figures were generated with
PyMOL.
Transient Expression in T98G Cells
Human T98G and HeLa cells were maintained in Dulbecco’s modified
Eagle’s medium, supplemented with 10% heat-inactivated fetal calf serum
(FCS), penicillin, and streptomycin (100 IU/ml and 100 g/ml, respectively).
The full-length mELYS, or domains thereof, were amplified from FFg-
BOS-M plasmid and cloned into pIC242 (GFP-TEV-S-tag in pBABE retroviral
vector) plasmid using XhoI/SacII restriction sites (Cheeseman et al., 2004).
Homo sapiens ELYS (hELYS, residues 1–1018) and its individual domains
were amplified from cMarathon DNA and cloned into pIC242 plasmid. For
transient expression of GFP proteins in HeLa and T98G cells, the plasmids
were transfected using Effectene (QIAGEN, Hilden, Germany) in accordance
with the manufacturer’s instructions. Cells were imaged under the micro-
scope 28–32 hr after transfection. Images were acquired on a DeltaVision
Core deconvolution microscope (Applied Precision, Issaquah, WA, USA)
equipped with a CoolSnap HQ2 CCD camera and deconvoluted using the
DeltaVision software.
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The atomic coordinates and structure factors for selenomethionine-labeled
mELYS NTD have been deposited in the Protein Data Bank (PDB) with the
accession number 4I0O.
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